Fibroblasts derived from the Rat2 parental cell line were genetically modified to express the cell-associated form of Sonic hedgehog (Shh) and then co-grafted along with E14 fetal ventral mesencephalon (VM) tissue into the denervated striatum of F344 rats; fetal VM grafts alone or co-grafts using the nonexpressing Rat2 fibroblasts served as controls. Seven weeks after grafting, co-grafts of fetal VM and fibroblasts expressing Shh (Rat2/Shh) contained significantly more tyrosine hydroxylase-positive (TH+) neurons than either the fetal VM grafts or co-grafts of fetal VM plus nonexpressing fibroblasts (Rat2). Despite a significantly higher yield of grafted TH+ neurons in the fetal VM + Rat2/Shh co-grafts than in either of the other two control groups, amphetamine-induced rotational behavior scores were not significantly different between any of the three treatment groups. The number of TH+ neurons in the Rat2 (nonexpressing) co-grafts was significantly lower than the other two treatment groups. The results from this study suggest that fibroblasts expressing Shh may improve the number of co-grafted dopamine neurons, but do not improve the functional capacity of the graft in terms of improving amphetamine-induced rotational behavior.
INTRODUCTION
neurotoxicity (9) . A recent report provides evidence that Shh protects against MPTP neurotoxicity in the common marmoset (3) . Biochemical evidence suggests that patched Sonic hedgehog (Shh) is synthesized as a 45-kDa precursor protein that undergoes proteolytic cleavage to ( ptc) is the receptor for Shh (7, 17) , and data suggest that the ptc receptor is localized in the substantia nigra/ven-yield a 20-kDa amino-terminal cleavage product (Shh-N) that remains mostly cell associated (12). Because tral tegmental area of the ventral midbrain (5) . Previous studies have shown that fetal dopamine Shh-N is cell associated, direct cell-cell contact is thought to be an important component in mediating Shh grafts supplemented with neurotrophic factors can successfully improve the survival and function of the grafts signaling activity. Ye et al. (21) provided evidence that Shh and FGF-8 are required for the induction of mid-[see (2) ]; in particular, treatment of fetal dopamine grafts with exogenous BDNF and GDNF before or after im-brain dopaminergic neurons during normal development, and that the combination of Shh and FGF-8 can plantation of the grafts improves the function and survival (1, (13) (14) (15) 22, 24, 25) . induce neurons with a dopaminergic phenotype in ectopic regions along the anterior neural tube. In culture Ectopic placement of fetal ventral mesencephalic tissue into the lesioned striatum of adult brain most likely experiments, embryonic stem cells have been differentiated into dopamine neurons by exposing the cells to both generates a situation in which immature transplanted neurons do not receive proper environmental cues or FGF-8 and Shh at a critical developmental stage (5) . Sonic hedgehog is capable of inducing a dopaminergic neurotrophic support from the surrounding tissue that are necessary for successful growth and integration into neuron phenotype in chick mesencephalic explants (19) and rat explants (4) , and promotes the survival as well the neural circuitry of the host brain. Because Shh appears to be an important factor during the normal devel-as protects cultured dopaminergic neurons against MPP + 666 YUREK ET AL. opment of dopamine neurons and has been shown to lection. After 10-14 days clones were isolated and further expanded under G418 selection. All clones were protect dopamine neurons against neurotoxic insult, the experiments in the present study are designed to deter-first screened for the ability to produce an alkaline phosphatase-inducing activity, an activity exhibited by hedge-mine whether fibroblasts expressing the cell-associated form of Shh can be co-grafted with fetal dopamine neu-hog protein (10). Cells scored as positive by this functional assay were further characterized by immunoblot rons and successfully influence the survival and functional reinnervation of the denervated striatum.
analysis to confirm expression of Shh protein and evaluate the level of expression of Shh. Selected fibroblasts MATERIALS AND METHODS were then expanded in growth medium (DMEM, 5% fe-Animals tal bovine serum, and G418) and switched to another medium (DMEM, 5% fetal bovine serum, penicillin/ Thirty young (4-5 months old) male Fischer 344 rats streptomycin) approximately 4-7 days before the cowere obtained from Harlan Farms. Animals were housed grafting procedure. The OP-61 cells expressing Shh are in environmentally regulated rooms and had free access referred to in the text as Rat2/Shh while the nonexpressto food and water for the duration of the study. All aniing cells are referred to as Rat2. mal procedures were conducted in strict compliance with approved institutional protocols, and in accordance Ventral Mesencephalic Tissue Grafts with the provisions for animal care and use described in Recipient animals were anesthetized with isoflurane the Guide for the Care and Use of Laboratory Animals (1.0-1.5% mixture with air) and placed in a stereotaxic (NIH publication No. 86-23, NIH, 1985) . Two animals apparatus. At the same time, the ventral mesencephalon from each co-graft group were excluded from the final was dissected from E14 fetuses obtained from timedanalysis due to the formation of large fibroblast tumors.
pregnant Fischer 344 rats (Harlan Farms) and stored in-6-Hydroxydopamine Lesions dividually in a cold, sterile, calcium/magnesium-free buffer (CMF: 0.15 M NaCl, 8.0 mM Na 2 HPO 4 , 2.7 mM All 30 rats (n = 10 per treatment group) were given KCl, 1.5 mM KHPO 4 , 26.0 mM NaHCO 3 , 0.1% glucose, unilateral 6-hydroxydopamine (6-OHDA) lesions of the 100 mg/ml streptomycin, 2.5 mg/ml fungizone, pH 7.2); nigrostriatal pathway; 6-OHDA (Sigma) was dissolved the size of each tissue graft was ϳ1.0 × 1.5 × 1.0 mm; in 0.9% saline (containing 0.2% ascorbic acid) at a conthe person dissecting the tissue was blind to the recipicentration of 3.0 µg/µl and stereotactically injected into ent's treatment group in order to eliminate potential bias the nigrostriatal pathway of anesthetized rats at a rate of in the dissection technique. A single solid tissue graft 1.0 µl/min for 2 min. Each rat received two injections was drawn into the blunt end of a 22-gauge spinal neeof 6-OHDA: one in the vicinity of the medial forebrain dle and stereotactically placed into the denervated striabundle (AP −4.3, ML 1.2, DV −7.5) and the other in the tum at the coordinates mentioned in the next section. rostral pars compacta of the substantia nigra (AP −4.8, ML 1.5, DV −7.5); all coordinates reported in this study Co-Graft Technique represent millimeter adjustments from bregma (AP, ML)
Co-grafts were surgically implanted so that fetal VM and below the dural surface (DV) with the top of the grafts were sandwiched between two layers of susskull in a flat position. This technique routinely propended fibroblasts. The first layer of fibroblasts (10,000 duces complete lesions of A9 and A10 midbrain regions fibroblasts/2.0 µl) was injected (0.5 µl/min) into the deand near complete denervation of dopaminergic fibers nervated striatum at the following stereotaxic coordiinnervating the ipsilateral striatum.
nates: AP +0.5, ML 2.5, DV −6.0; coordinates represent Genetically Modified Fibroblasts millimeter adjustments made from bregma with the skull in a flat position. Injector cannula was left in place for a The OP-61 cell line is derived from the parental cell line Rat2, a thymidine kinase-deficient rat embryo fibro-period of 1 min. Immediately thereafter, fetal VM tissue obtained from a single fetal donor was aspirated into a blast (11,18). Rat2 cells are ideal for this grafting study as they are derived from isogenic Fischer 344 rats and, spinal needle and implanted at the following coordinates: AP +0.5, ML 2.5, DV −5.5. The needle was left as such, may be grafted into Fischer rats without the need for immunosuppression. The OP-61 clone was gen-in place for 1 min. A second layer of fibroblasts (10,000 fibroblasts/2.0 µl) was then injected (0.5 µl/min) above erated by transfecting the parental Rat2 cells with an expression-construct encoding the full-length human Sonic the fetal VM transplant at the following coordinates: AP +0.5, ML 2.5, DV −4.0. Injector cannula was left in hedgehog (h-Shh) (8) . Transfection was performed in the presence of Lipofectamine. After 24 h cells were place for a period of 1 min prior to removal. This technique was chosen to maximize the contact between im-placed in fresh medium and after 48 h cells were split in medium containing the drug G418 (1 mg/ml) for se-planted fibroblasts and fetal VM tissue.
Rotational Behavior RESULTS
Rotational Behavior All animals were tested for amphetamine-induced rotational behavior 3-4 weeks after receiving a unilat-Statistical analysis of rotational scores revealed no eral 6-OHDA lesion and 6 weeks postgrafting. Rotastatistically significant difference in rotational scores for tional behavior was induced by a systemic injection of Graft Type, F(2, 23) = 2.36, p = 0.11, but did reveal a d-amphetamine (5.0 mg/kg, IP). Rats were placed inside significant effect of Time on rotational scores, F(1, 23) = opaque 16-in. diameter cylindrical chambers positioned 178.43, p < 0.001. In Figure 1 we see all three types directly beneath a video camera. The video camera was of grafts provided functional compensation in terms of connected to a Videomex V image motion computer reducing amphetamine-induced ipsilateral rotational besystem (Columbus Instruments, Inc., Columbus, OH).
havior. Statistical analysis of postgraft rotational scores The total number of 360°clockwise or counterclockwise indicated there was no significant difference between rotations was measured during each test interval. [3] [4] any of the three graft types at either time point; however, weeks postlesion time points, animals were administered the post hoc comparison of rotational scores for normal d-amphetamine and only those animals that rotated at an graft group versus Rat2 co-graft group approached sigaverage rate of ≥5 rotations/min during a 90-min test nificance ( p = 0.07). session were included in the study.
Cell Counts of Transplanted TH+ Neurons Immunohistochemical Technique
and Morphology of Co-Grafts One week after the last rotational test (7 weeks post-Statistical analysis of cell count data revealed a siggraft), all rats were deeply anesthetized with sodium pennificant effect of Graft Type, F(2, 25) = 8.94, p = 0.001. tobarbital and perfused transcardially with ice-cold sa- Figure 2 shows the average number of TH+ neurons in line followed by 4% paraformaldehyde. The brains were Rat2/Shh co-grafts (1005 ± 102.0) was more than double postfixed overnight in 4% paraformaldehyde and placed the average number counted in Rat2 co-grafts (352 ± in 30% sucrose. Brain sections (40 µm) were cut on a 109.7) and significantly greater than the average number sliding microtome and stored in cryoprotectant at −20°C of TH+ neurons in normal grafts (563 ± 67.1). The aver-(20). For immunocytochemical detection of tyrosine hyage number of TH+ neurons in normal grafts was signifdroxylase (TH), free-floating sections were incubated icantly greater than the average number counted in the overnight in mouse antisera containing a monoclonal an-Rat2 co-grafts. tibody against TH (1:8000; Chemicon, Temecula, CA). Figure 3 shows the typical morphology of each co-The sections were then incubated in an affinity-purified graft 7 weeks after grafting. Figure 3A and C show two biotinylated goat anti-mouse IgG secondary antibody (1: examples of Rat2 co-grafts. Note the low number of 800; Chemicon) and then incubated in an avidin-biotin-TH+ neurons in addition to very limited fiber outgrowth peroxidase complex (Vector Laboratories). Staining was from these co-grafts. In contrast, Figure 3B , D, and E completed by placing the sections in 0.003% H 2 O 2 that show Rat2/Shh co-grafts that show dense aggregates of contained diaminobenzidine chromogen to visualize the TH+ neurons and more extensive fiber outgrowth than peroxidase-catalyzed reaction product. Sections were observed in Rat2 co-grafts. Figure 3F shows a typical counterstained with cresyl violet.
example of fibroblast pockets that were observed throughout the engrafted striatum for both types of TH+ Cell Counts co-grafts. Cell counts were made using light microscopy.
DISCUSSION

Counts of TH+ cell bodies were made in every third
The results of this study are interesting from the section throughout the rostral-caudal extent of the lestandpoint that fibroblasts expressing Shh (Rat2/Shh) sioned/transplanted striatum. The total number of TH+ co-grafted with fetal VM tissue significantly improved cell bodies was summed for each animal and an average the number of grafted fetal dopamine neurons in the value (±SEM) was calculated for each of the three dif-Rat2/Shh co-graft group, yet the functional effects of ferent treatment groups. Cell counts were made with the these co-grafts were not significantly better than animals observer blinded to the treatment.
receiving Rat2 (nonexpressing) co-grafts or normal Statistical Analysis grafts in terms of reducing amphetamine-induced rotational behavior. Data for cell counts were analyzed using one-way analysis of variance (ANOVA) and rotational scores
In previous studies we have found that single, fetal VM tissue grafts typically yield approximately 500-700 were analyzed using a two-way repeated measures ANOVA. Tukey's test was used for post hoc mean com-TH+ cell counts per graft (22, 24) , and this is consistent with the results from the present study. We also report parisons. the number of dopamine neurons within the Rat2/Shh phenomenon may take into consideration the location of fetal VM grafts within the striatum. The target site for co-grafts is significantly greater than the number of TH+ cells observed in normal, untreated grafts while the graft placement of fetal VM tissue was the same for each treatment group. However, histological analysis re-number of TH+ cells in the Rat2 co-graft group was lower than normal grafts. This indicates Rat2 fibroblasts vealed that some fetal VM grafts were slightly displaced from their target site. Because graft placement within may have been a detriment to the survival of grafted TH+ neurons. If the nonexpressing Rat2 fibroblasts pro-the denervated striatum is an important variable that affects functional outcomes (6) , it is possible that variabil-duced a deleterious effect on the fetal VM grafts, then it is conceivable the cell-associated form of Shh ex-ity in fetal VM graft placement (displacement caused by fibroblasts co-grafts) may have been a contributing fac-pressed on the Rat2/Shh fibroblast may have provided a protective effect on grafted fetal VM neurons. The func-tor in the functional effect of the co-grafts. We were unable to quantify fiber outgrowth in this tional receptor for Shh, ptc, has been identified within the substantia nigra/ventral tegmentum during develop-study because brain sections stained for TH were also counterstained with cresyl violet for the identification of ment (5) and may mediate this effect. In culture studies, Shh protein has been shown to protect cultured dopa-the fibroblasts. It was our general observation that TH+ fiber outgrowth from the fetal VM grafts was more ex-mine neurons against MPP+ neurotoxicity (9) . Moreover, Shh has been shown to be a critical factor for in-tensive in the Rat2/Shh co-grafts than in Rat2 co-grafts, as can be observed in Figure 3 . It did not appear that ducing the differentiation of dopamine neurons during normal development (21), or to induce neural precursors fiber outgrowth for the Rat2/Shh co-grafts and normal grafts were different from one another. to express a dopaminergic phenotype (5) . It is possible that co-grafted Rat2/Shh fibroblasts and other factors An alternative technique for studying the effects of fibroblasts expressing Shh on fetal VM neurons would within the graft may have induced neural precursors within the graft to proliferate and differentiate into neu-be a combination of fibroblasts and dissociated cell suspension grafts. Using this technique, cell-cell contact rons with a dopaminergic phenotype, and hence this may explain why we observed higher numbers of TH+ neu-between fibroblasts and individual grafted dopamine neurons would be maximized and possibly provided an rons in Rat2/Shh co-grafts than in normal grafts.
While statistical analysis of rotational scores indi-even better yield of surviving dopamine neurons. However, cell suspension grafts are susceptible to the effects cated no significant difference in postgraft scores between any treatment groups, the comparison of scores of anoikis, a programmed cell death induced by the detachment of embryonic neurons from the extracellular for the normal graft group versus the Rat2 co-graft group approached significance. In addition, despite the matrix in which they are embedded (16), and it is unclear at this time whether components within the extra-fact the average number of grafted TH+ neurons in the Rat2/Shh co-graft group was nearly double the number cellular matrix of the ventral midbrain are required to mediate the effect of Shh on dopamine neurons. counted in normal graft group, postgraft rotational scores for these two groups were nearly identical. This
We chose to use a fibroblast vector for Shh because initial studies indicated that the amino-terminal cleavage may be indicative that fibroblasts had a deleterious effect on graft function. While it is unclear from the pres-product (Shh-N), which is also the cell-associated form of Shh, is the active fragment (12) and was more biolog-ent results why this would occur, one explanation for this phenomenon may be related to the dispersed distri-ically active than the freely diffusible form of Shh. Our strategy was to sandwich the fetal VM graft between bution pattern of fibroblasts within the grafted striatum. As Figure 3 shows, fibroblasts were located in discrete two layers of dispersed fibroblasts in order to maximize the contact between the fibroblasts and fetal VM graft. pockets throughout the engrafted striatum and displaced a considerable volume of striatal tissue both within and This technique produced co-grafts with fibroblasts commingled with the fetal VM tissue. However, it is impor-around the graft. These pockets of fibroblasts may have interfered with the fiber outgrowth and innervation of tant to point out that several animals from both co-graft groups had to be excluded from the final analysis due the host striatum tissue by neurons within the fetal VM graft. It is our observation that graft-mediated reversal to the presence of large, tumor-like growths within the grafted striatum. Although both fibroblast lines demon-of amphetamine-induced rotational behavior is more tightly correlated with the extent of graft fiber outgrowth strated contact inhibition in our expanded cultures, some fibroblast implants grew uncontrollably and formed tu-than it is with the number of surviving TH+ grafted neurons (23). This disrupted pattern of fiber outgrowth from mor-like growths in the brain tissue. It is clear from this study that the use of genetically modified fibroblasts as the fetal VM graft may have been a contributing factor to the effects these co-grafts had on amphetamine-in-vectors for neurotrophic factors can be problematic.
Since the time these studies were initiated, a modified duced rotational behavior. Another explanation for this guchi, A.; Noji, S.; Kurisu, K.; Matsuya, T.; Maurizio, P. dopaminergic phenotype (5 
Shh-N peptide fragment has been isolated that shows
